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1. INTRODUCTION
Thissupplementaryreportdescribesfurtherstudiesof
thedesignfloodfortheTruceLinechannel.Inparticular,it
isconcernedwiththedifficultproblemof estimatingthelikelihood
of severefloodsoccurringinseveralwadissimultaneously.No
newdataon floodflowsare:availablebutwe haveanalysedthe
patternofheavydailyrainfallsinan attemptodefinethestorm
sizewhichwouldbe associatedwithfloodsof longreturnperiod.
Thisnewapproachprovidesa basisforthecombinationf flood
estimatesfortheindividualwadisin thecatchmentareaof the
channel.
Thecatchmentarea
Thecatchmentareaofwadisdrainingthroughthefloodchannel
isshowninFigure1. Theareaencompassesthehillsto theeast
of theriftvalley,withmoderateannualrainfall,aswellas
partsof themorearidNegevdesert.
RainfalloccursmainlybetweenthemonthsofNovemberand
April,mostlyas a resultofdepressionsmovingin an easterly
directionacrossthearea.Meanannualrainfallishighestover
'theeasternhills,intheKarakarea,withabout350mm perannum.
Therainfallismuchlowerin thecentreof theriftvalley,dropping
toabout70mm atSafi.Thesparsenetworkon theIsraeliside
of theriftvalleyindicatesannualrainfallof theorderof 100mm.
Thereisa strongtendencyforrainfalltodecreaseto thesouth.
Previousstudies
Floodrunofffromwadisdrainingthehillsto theeastof the
DeadSeahasbeenstudiedby a numberofteams.Thereportsfoundto
Figure 1
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be ofparticularvaluewerethoseofSirMurdochMacDonaldand
Partners,'"1965and1973,andBinnieandPartnerset al.',1977.
The1965MacDonaldstudycoveredtheentireEastBankof the
RiverJordan,andwasprimarilya reviewof thewaterresourcesof
thearea.Stormrainfall/runoffrelationshipswereattemptedfor
allgaugedwadis,includingWadiHasa. The1973MacDonaldreport
concentratedon thesouthernwadisandfloodswereestimatedfor
variousreturnperiodson theWadisHudeira,Hasa,FeifaandKhanzeira,
amongstothers.Therecentstudyby Binnieet al.continuedthe
workstartedby MacDonalds.Althoughnonewfloodestimatesare
madein theirprelhninaryeviewreports,discussionswithmembers
of theirstudyteamconcerningtheirmostrecentestimateswereof
greatassistance.
Allpreviousinvestigationswereconcernedwithestimating
peakflowrates.TheproblemSof estimatinga volumeof runoff
associatedwiththepeakflowrateandthepossibilitiesof
simultaneousfloodsinmanywadishavenotbeenexamined.
Dataavailable
Rainfallandrunoffdataarecollectedandheldby the
JordanianNatiralResourcesAuthority.Ouronlysourceofdata
forthecatchmentareawestofthetrucelinewastheBritish
MeteorologicalOffice.
Dailyrainfalldatawasabstractedforthefollowingstations:
Hemud,Rabba,GhorMazra'a,GhorEs Safimet.station,GhorEs Safi
policepost,QatranaEvap.station,Qatrana,AinBisas,Karak,
Nazar,Khanzira,Tafila,Hasapolicepost,JurfEd Darawish,
Buseira,DanaandShaubakschoolinJordan;BeerSheva,EinHasb,
SodomandAradin Israel.Someof thesestationshadveryintermittent
records.
1 SirMurdochMacDonald& Partners,EastBankdbrdanWaterResources,
1965
2 SirMurdochMacDonald& Partners,Mujiband SouthernGhorsIrrigation
Project,Bpdated Report,1973
3 Binnie& Partners,Jouzy& Partners„OveArup & Partners,Booker
AgricultureInternational.Mujiband SouthernChorsIrrigation
Project,PreliminaryReviewReport,1977
Datafromrecordingraingaugeswereabstractedforfourstations:
Mazar,Buseira,TafilaandAinBisas.However,thelengthof record
thatcouldbe consideredtobe reliablewasveryshortat eachstation.
TheNRAhaveestablisheda numberofflawgaugingstationson
theeasternwadisanddailyfloodrunoffdatawereabstractedfor
WadiMUjib at theKarakRoad,WadiWalaatKarakroadandat the
newweir,WadiKarakatMazra'andWadiHasaatSafiandatTannour.
2. ANAIYSISOF THEFLOODRUNOFFDATA
Thefirststeptakenin thestudywastoexaminetheavailable
runoffdataforanydistinctpatternof runoffbehaviourfromwhich
conclusionsaboutthe1000yeardesignfloodcouldbe drawn.
MUjorhistoricgoods
TheprincipalrecentfloodeventsinthesouthofJordan
occurredatMa'aninMarch1966andatPetrainApril1963. In
bothcases,severefloodingwascausedby severethunderstormsand
torrentialrainofanextremelylocalisednature.Inneithercase
wasthewadiin floodsubjectoregulargaugingandno estimates
of thepeakflowratesandfloodvolumesareavailable.
Themostextremefloodtohaveoccurredrecentlyon eitherof
thethreegaugedwadisnearthestudyarea(VadisHasa,Mujib,Wala)
wasonWadiHasaduringJanuary1965.Unfortunately,thefloodwas
largeenoughto.washawaythewaterlevelrecorder,butlatera
peakflowof 706m3/swasestimatedby slope-areatechniques.
Itwasimpossibletoestimatetheassociatedfloodvolume.January
1965wasgenerallyan extremelywetmonth,andthehighestdaily
rainfallrecordedatSafi,43mm,occurredOn the12thof thatmonth.
Thelargestmeandailyflawrecordedat theSafigaugingstation
wason the16November1967,when23.5millionm3 wereestimatedto
havepassedthegauge.However,examinationftherainfallrecords'
forgaugesin theHasacatchmentcastsomedoubton thisfigure.
Theothernotablefloodeventoccurredon boththeMujiband
WalacatchmentsinApril1971,when89and21millionm3.respectively
wereestimatedtohavepassedthegaugingstations.Thesevolumes
areequivalenttorunoffof 13.5and12.4mm overthecatchments.
Seasonalpatternsofrunoff
Thedistributionf floodrunoffinthethreegaugedwadisby
monthsissummarisedinTable1. No floodrunoffhasbeenrecorded
betweenthemonthsofJuneandSeptember.Examinationf these
figuresrevealsno stronglyseasonalcharacteristic;thedesign
floodwouldseemequallylikelytooccurin anymonthfromNovember
toApril.
Correlationof dailygood flowsbetweenstations
Thedatesofthe15mostextremeventsrecordedon eachof
thewadiswereabstractedfromtherecords,and,wherepossible,compared
withfloodflowson thesamedayon theotherwadis.A correlation
coefficientsignificantlydifferentfromzerowasobtainedonlyfor
thecomparisonbetweenWadisMujibandWala,where.thecorrelation
coefficientwas0.744.However,ifthefloodof 13April1971,
thelargest,wasomittedfromtheanalysis,thiscorrelationcoefficient
wasreducedto 0.014whichisnotsignificantlydifferentfromzero.
'Thuswe couldfindlittle videncefromtheflawrecordsaloneto
suggesthatthereisa tendencyformajorfloodsto occuron the
samedayinneighbouringwadis.
3. ANALYSISOFSTORMRAINFALL
Thefloodrecordsavailableareinsufficienttodefinethe
likelihoodf floodsoccurringon severalwadissimultaneously
especiallyin thecatchmentof theWadiArabawhereveryfewrecords
exist.Thuswe haveattemptedtodefinethesizeof theflood-
producingstormby an analysisof therainfallrecords.
TABLE1
SEASONALPATTERNOF RUNOFF


OCT NOV DEC JAN FEB MAR 'APR MAY
Averagerain'
(mm)
5 15 25 30 30 25 8 5
Max.daily
runoff
(ms/s)





WadiHasa 42.3 272 27.9 46•52 93.6 78.8 48.5 84.5
Mujib 43.4 83.3 135 28.3 137 98.9 1030 7.7
Wala 8.4 16.4 181 67.1 31.2 67.7 245 2.9
Averagemonthly
runoff
(millionm3)





WadiHasa 0.89 4.01 0.36 1.002 2.48 1.12 0.19 0.90
MUjib 0.77 2.11 0.96 2.19 3.10 4.01 10.5 0.20
Wala 0.29 0.54 -5.00 2.45 0.35 2.38 3.97 0.04
Averagemonthly
runoff
(mm)





WadiHasa 0.35 1.59 0.14 0.402 0.98 0.44 0.08 0.36
Mpjib 0.18 0.48 0.22 0.50 0.71 0.92 2.40 0.05
Wala 0.17 0.32 2.94 1.44 0.21 1.40 2.33 0.02
Notes:11:estimated
2 excludesJanuary1965flood.
The 1000yearstorm
Oneof theareasofgreatestuncertaintyin thisstudyis the
natureof thedesignstorm- thatwhichproducesthemostextreme
floodrunoffintothesouthernendof theDeadSeawithan average
recurrenceintervalof 1000years..
Rainfallin theareaoccursas theresultof twodistinct
processes:firstly,duringthetwotransitionperiodsbetweenthe
dryandwetseason(approximatelythemonthsofOctoberto November
andMarchtoMay),rainfalloccursmainlyas a resultof localised
instabilityin theairmasses;causingshortperiodsof intense,
thunderyrain. Inthemainpartof thewetseason(Decemberto
February),therainfallismostlikelytobe frontalin origin.
AccordingtotheJordanianMeteorologicalDepartmentthetwomost
disastrousrecentfloodsinJordan- thoseoccurringatMa'anin
1966andPetrain 1963- werebotha resultof extremelylocalised
thunderyrainfallof shortdurationandgreatintensity.
. Examinationf therunoffrecordsavailablefortheWadis
Hasa,WalaandMUjibshowthatfloodrunoffcanoccurat anytime
duringthewetseasonwiththemoreextremeventsoccurringwith
almostequallikelihoodinanyof themonthsNovembertoApril.
Thus,we cannotassumethattheextremefloodeventwillbe caused
onlyby thunderyrainduringthetransitionperiods.
Comparisonof therainfallandrunoffrecordsleadsto the
conclusionthatrunoffmustbe stronglydependentuponrainfall
intensity,asdailyrainfallandrunoffaresurprisinglypoorly
correlated.
The correlationof dailyrainfallsbetweenstations
Dueto thenatureof thedataavailable,themostproMising
approachtotheproblemofestimatingthestormsizewasthrough
statisticalnalysisof thedailyrainfallrecords,concentrating
ondayswhenat least40mm fellatoneormorestations.This
thresholdhasbeenchoseninorderto consideronlythehigher
rainfalls,thosewhichwemustassumearerepresentativeof severe
flood-producingstorms,whileallowinga sufficientlyargesample
of stormsforstatisticalnalysis.
Thecorrelationa alysisuseddailyrainfalldatafromstations
atAinBiSas,Karak,GhorMazra,Nazar,Khanzeira,GhorSafi,
TafilaandBuseira.Thedaysonwhichmorethan40mm ofrainfell
at anystationwerenoted,andforeachof thesedays,therainfall
at everystationwaSlisted.
A correlationcoefficientwascalculatedbetweenthedata
setsfromeverypairof stations,althoughinordertomaintain
consistency,onlydatafromdayswhenat least40mm fellat either
of thepairof stationswereused. Theresults,showninTable2,
wereusedto finda relationshipbetweenthecorrelationcoefficient,
r, andtheseparationof thestations.Theresults,shownin
Figure2,showa largedegreeof scatter,someofwhichcanbe
explainedby anisotropicfeaturesof therainfalldistribution.
Foranygivenstationseparation,thereis generallya higher
correlationbetweendailyrainfallsatstationswhoserelative
orientationisnorth-southanat thoseorientedeast-west.Two
lineshavebeensketchedon Figure2, illustratingtherelationship
betweencorrelationcoefficient,r andstationseparationforthese
cases.Theseresultsuggesthattheisohyetsof stormrainfalls
areapproximatelyellipticalwiththelongeraxisinthenorth-south
direction,a conclusionwhichisnotunreasonablegiventhetopography
andmeteorologicalconditions.
Storm extent
Nhny authorshaveexaminedthedistributionf rainfallthrough
correlationa alysis,but,forthemostpart,theobjectivehasbeen
toderiveanoptimumraingaugenetworkdesign.Thestepfrom
correlationa alysistoan estimatedstormsizeisrarelymade.
TABLE2
DAILYRAINFALLCORRELATIONCOEFFICIENTS


1 2 3 4 5 6 7 8

 AinBisas






 Karak 0.559





GhorMhzra -0.369 -0.252





 Mazar 0.172 0.376 0.017




S. Khanzeira 0.068 0.003 0.183 0.075




 GhorSafi -0.579 -0.432 )0 -0.213 -0.212



Tafila 0.023 0.111 0.305 0.053 0.247 -0.231




Buseira -0.174 -0.172 0.304 0.057 0.092 0.236 0.146


Notes: Ix denotesinadequatedata
Figure 2
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A measureof the 'average'stormsizecanbe obtainedby finding
thepointatwhichthecorrelationbecomesnotsignificantlydifferent
fromzero. In statisticaltestssuchas this,it isusualto adopta
levelofsignificanceof 5 percentonwhichtobasejudgements.Inthis
case,however,applyingthiscriteriongavean estimatedstormsize
of 15km,whichseemsincautiouslyow. A 10percentlevelof
significanceorrespondedtoa distanceof 25km in thenorth-south
direction.To expressthisina differentway,thereisonlya one
in tendhancethatfora separationofgaugesina north-southdirection
.of lessthan25km,therainfalldatawillbe uncorrelated.
Insubsequentanalysis,we havechosena stormsizeof 30km
inordertoallowforuncertaintyinthecorrelationa alysis.
Further,we havecarriedouta sensitivityanalysisusingstorm
sizesof 20 andSOkm.
4. FLOODPEAKESTIMATION
Thetwomainalternativeapproachesto theproblemsof estimating
thedesignfloodareto treatthecatchmentas a single ntity
subjecto a designstormortoestimatethefloodfrequencyrelationships
forindividualwadisandcombinetheminsomewaytoproducea
compositefloodfrequencyrelationship.
Pastworkon floodsin theareahasconcentratedon thewadis p.
flowingfromthehighergroundto theeastof theDeadSea,the
catchmentsto thesouthandsouth-westbeingof littleinterest.As
a result,anyextensionof thisworkto incorporateheentire
compositecatchmentwithitslargevariationinrainfalland
topography,wouldbe inappropriate.Thelargevariationsthroughout
thecatdhmentwouldalsomaketheapplicationf empiricalmethods
derivedforotherareasoftheworldinappropriateifappliedto thearea
as a singlecatchment.
As a result,we haveadoptedthealternativeapproach;theflood
frequencyrelationshipsfortheindividualwadishavebeenbasedon the
resultsofprevioustudieswhiletheanalysisof theextentof
majorstormsprovidesthebasisforcombiningfloodflowswithinthe
wholecatchmentarea.
FZoodpeakson individuaZwadis
StudyoftheMacDonaldreportsanddiscussionswithBinnie&
Partnershaveledto theconclusionthatthemostappropriate
methodforestimatingfloodfrequencyrelationshipsin thisareais
basedupontheempiricalmethoddevisedby Creager7-:
Q = 46C An
whereQ is thefloodincusecs,A isthedrainageareain
squaremiles,
n = 0.894
andC isa coefficientdependingonbasincharacteristics.
Thismethodcanbe extendedby definingthecoefficientC as
dependentuponboththecatchmentcharacteristicsandtheselected
returnperiodof theflood.We havederivedvaluesforeachwadior
groupofminorwadisbasedon theprevioustudiesandexperience
elsewhereinordertoestimatethefloodpeaksof 100and1000year
returnperiod.TheseareshowninTable3.
Definitionof stormzones
Therainfallanalysisuggesteda stormsizeof 30km. Thus,
overthewholecatchmentarea,we candefinea specificnumberof zones
whichcanbe consideredtobe independentin thesensethattherewould
be no correlationbetweenstormrainfallsan adjacentzones.In
practicaltermstheproblemofdefiningthezonesisthatof grouping
thewadislistedinTable3 insucha waythatthestormsizecriterion
isgenerallymet. Table4 showshowthezoneshavebeendefinedfor
thebasic30km stormsizeandforthealternativestormsizesused
I Creager,Justinand HindsEngineeringfor Dams,Vol.I. John Wiley
& Sons,NewYork1944
TABLE3
FLOODESTINATESFORINDIVIDUALWADIS
Catchment Area
(miles2)
Creager
"n"
Returnperiod
100year1000 year
"(71Q(mVs)"C"Q(m2/s)
Hudeira 39 0.750 15 305 20 405
MinorA 13 0.790 15 150 20 200
Hasa 975 0.642 12 1300 17 1850
MinorB 18 0.778 15 185 20 250
Feifa 60 0.734 10 260 15 400
Uhruci 11 0.797 15 130 20 175
Khanzeira 70 0.729 10 290 15 430
MinorC 1040 0.641 10 1120 15 1680
MinorD 2330 0.616 8 1240 13 2010
Fugra 630 0.656 10 890 15 1340
Notes:Theminorwadisingroupslabelled
MinorA, MinorB, etc.above,have
beentreatedas thoughtheyresponded
as singlewadis.Theircatehment
areasaredefinedinFigure1.
TABLE4
DEFINITIONOF STORMZONES
StormSize Zone Catchments
EastBankNorth Hudeira,MinorA (Quinaya),Hasa,MinorB
FeifaUmruq,Khanzeira
50km EastBankSouth MinorC
WestBankNorth Fuctra
WestBankSouth MinorD
30km
EastBankNorthHudeira, MinorA, Hasa
EastBankCentralMinor B, Feifa,Umruq,Khanzeira
EastBankSouthMinor C
WestBankNorthFuqra
WestBankSouthMinor D
EastBankNorth Hudeira,MinorA
Hasa Hasa
EastBankCentral MinorB, Feifa,Umruq,Khanzeira
20km EastBankSouth MinorC
WestBankNorth Fuqra
WestBankSouth MinorD
in thesensitivityanalysis.
WadiHasais thesinglecatchmentposingthemostseriousflood
risk. Thusmoreattentionwaspaidto thedefinitionof zones
in thisandadjacentcatchmentsthanin thelowerrainfallareasof
theWadiAraba. Forthe30km stormsizef6rexample,we assumed
thata singlestormwouldcovertheHasa,QuinayandHudeira
catchments;a second,independents ormwouldcoverthelowerAraba
tributariesup to theKhanzeiraandtherestof theareabeingof
lowerflood-producingpotential,wassplitinto3 zones,each
representinga fairlyhomogenouswell-definedsubcat6hmentof the
WadiAraba.
Zonefloods
Inordertoestimatethezonefloodpeakproducedby a single
stormin thecaseswherethezonecoversa numberofwadis,we have
assumedthattheindividualfloodsoccursimultaneouslyandthe
combinedfloodpeakis simplythesumof theindividualfloods.This
isclearlya conservativeassumption.
Othermethodsofestimatingthecombinedpeakflowwere
investigated,buttheyrelyon assumptionsmadeaboutthestorm
profile,thespeedwithwhicheachindividualwadirespondsto the
rainfallandothersimilar',poorlydefinedvariables.Estimatesbased
on theWadiHasaandtheneighbouringminorwadissuggestedthatthe
overestimateof thezonefloodfollowingfromthesimpleapproachof
• addingfloodpeaksforindividualwadiswouldnotbe overcautious.
Combinationof zonefloods
Analysisof thepeakfloodsineachzonegivesa numberof flood
frequencyrelationshipswhichmustbe combinedtoproducea compound
floodfrequencyrelationshipfortheentirearea. Inordertoproduce
an analytically-basedsolutiontojthisproblem,simplifyingassumptions
havetobe made. Theprincipalassumptionis thattheannualmaximum
combinedfloodisequalinmagnitudeto thelargestindividualzone
annualmaximumflood.Thisistantamounttosayingthattheannual
maximafromthezonesnevercoincideandtheannualmaximaof the
combinedfloodarenevertheresultofcombininglesserzonefloods.
Twofurtherassumptionseedtobemadetomaketheproblem
capableof solution.Firstly,thateachzonehasa floodfrequency
distributionf thesametype(inthiscaseit isassumedtobe a
Gumbeldistribution),andsecondly,thattheflood-frequencyrelation-
shipsforeachzoneareparallel.
Thecumulativeprobabilitydistributionfunctionof theGumbel
distributioncanbe expressedintheform:
F(q) = exp { - exp{:g(i=11}}
whereF(q)istheprobabilityofa floodgreaterthanq anduia
aretheparametersof thedistribution:a beingknownas thescale
parameterandu thelocationparameter.Thesecondof theadditional
assumptionsmadeinmathethaticaltermsmeansthatthescaleparameters
foreachdistributionareassumedtobe equal
Itcanbe showndiatthecoMbinedfloodfrequencyrelationship
willhavethesamescaleparamter,a, anda locationparameterpwhere
uda u2/a uh/et
U = a ln(es + e + e 1
.
wheremis thelocationparameterof theith zone.
TheGumbelscaleandlocationparameterscanbe calculatedfrom
estimatesofthe100year(q1)and1000year(q2)floodsforeach
zone. Itcanreadilybe shownthat:
q2 qla = 2.31 andu = 2.99q1- 1.99q2.
Thecalculationfa floodfora givenreturnperiod(T)and
distributionparamtersa andU ismadeeasierby employingtheclose
approximationto thetruerelationship:
Q(T) = U + aln(T-0.5).
Theestimationof distributionparametersforthevariouszones
andstormsizesis summarisedinTableS.
Whenestimatingtheparametersof thecombinedistributionfor
eachstormsize,theshapeparameterwastakentobe equalto that
of thedominantzone,EastBankNorthorHasainthecaseof the20km storm,
andthelocationparametercalculatedaccordingly.Theresultsaresummarised
inTable6.
5. THEFLOODHYDROGRAPH
Thepresenceoftheattenuationareawhichiscapableofproviding
temporarystorageforfloodrunoffandthusinfluencingthe
peakdischargeintothefloodchannelmeansthatattentionmustbe
paidto theshapeof thefloodhydrograph,andthevolumeofwater
containedwithinit.
Timeof concentration
Thetimelagbetweentherainfallandthearrivalof theflood
peakisstronglydependentuponthetime-of-concentrationof a catchment
whichnominallycorrespondstothetimetakenfora dropofwaterto
travelfromtheextremelimitof thecatchmentto thegaugingstation
orpointof intereston thewadi.
Ibbitt'suggeststhatanappropriater lationshiptouseto
calculatevaluesforthisparameteristhatderivedby theCalifornia
Highwaysdivision,namely:
T - (0.871L)0.355
whereT is thetimeof concentrationinhours,L is thelength
of thestreamto thegaugingstationinkilometresandH is the
differenceinelevationbetweenthehighestpointin thecatchmentand
thegaugingstationinmetres.
Steadyrainfallona hydrologicallywell-behavedcatchmentwill
producea peakflowata timeequalto thetime-of-concentrationfr m
1 Ibbitt,M.E.Rainfallintensitiesin jordanfor ?isein engineering
design. NRA ProfessionalPaperNo. 2, 1969
TABLE5
FLOOD FREQUENCYDISTRIBUTIONPARAKETERS
ZONE
20km
1000Yr Flood
00/s)
Storm
100Yr Flood
(m3/s)
Distribution
a
Parameters
EastBankNorth 605 455 65 157
Hasa 1850 1300 238 206
Central 1255 865 169 88.9
South 1680 1120 242 5.6
WestBankNorth 1340 890 195
- 5.5
South 2010 1240 333 - 292
33km Storm
ZONE 1000Yr Flood
(113/s)
100Yr Flood
(m3/s)
Distribution
a
Parameters
P
EastBankNorth 2455 1755 303 362
Central 1255 865 169 88.9
South 1680 1120 242 5.6
WestBankNorth 1340 890 195
- 5.5
South 2010 1240 333
- 292
SOkm Storm
ZONE 1000Yr Flood 100Yr Flood DistributionParameters
(me/s) (ns/s) a
EastBankNorth 3710 2620 472 451
South 1680 1120 242 5.6
WestBankNorth 1340 890 195
- 5.5
South 2010 1240 333
- 292
TABLE 6


COMBINEDFLOOD-FREQUENCYDISTRIBUTION ,
STORM DISTRIBUTION PARANETERS 1000 YR FLOOD


a p (0/s)
20 km 238 496 2140
30 km 303 591 2684
SO km 472 773 4033
thestartof therainfall.Thusthetimeof concentrationisuseful
inestimatingthetimingofthefloodpeakandthedurationof the
stormlikelytoproducetheestimatedpeakflow.
Thedesignfloodintotheattenuationareaisdominatedby the
Hasafloodhydrograph.Usingthemethodoutlinedpreviouslythe
time-of-concentrationforthiscatchmentis oftheorderof 15hours.
However,thisestimateisprobablytoohighsincetherainfall
correlationa alysisindicatedtheverylimitedextentof storms
intheeast-westdirection.We thereforerepeatedthecalculation
forthelowerhalfof thecatchment(belowTannourgaugingstation)
to estimatethetime-of-concentrationfora stormcentredin thearea
ofhighestmeanannualrainfall.Thisgavea valueof 5.6hours
whichwe believetobe morerealistic.
Stormrainfall
• Ibbittderiveda regressionrelationshipbetweenextremedaily
rainfallvaluesXT,at a pointina catchmentandmeanannualrainfall,
z,inmillimetres.For1000yearreturnperiod:
X1000 = 0.197z+ 66.8.
He alsoderiveda relationshiptodeterminetheratio,R, daily
rainfall: 1 hourrainfall,witha similarformat.:
R = 0.0011z+ 1.85
Thus,we canusethetechniquesderivedby.HerschfieldltoeStimate
stormrainfallforanyotherduration.
Meanannualrainfallfiguresforthew2di catchmentswereestimated
usingFigure3 of theGibb"TruceLineFloodChannelDesign"report
ofFebruary1978.
1 Herschfieldand Wilson. Generalisingof rainfallintensity
frequencydata. Proc.IASH,Toronto,1957
Arealreductionfactor
It isgenerallyrecognisedthatrainfallata pointismore
variablethanthecorrespondingcatchmentrainfallwhichisan
averagerainfalloverthearea. Thustheextremepointrainfalls
whicharederivedby themethoddescribedabovemustbe reducedby
an "arealreductionfactor"toarriveat an estimateof theaverage
catchmentrainfall.
Ibbittsuggeststhattheworkof theU.S.WeatherBureau
wouldprovemostappropriateforapplicationtoJordaniancatchments.
Thisledto a reductionfactorfortheHasacatchmentof 0.87.
Againbecauseof thelimitedextentof stormsintheeast/west
directionshownby thestormanalysis,we believethisvaluetobe
unrealisticallyhigh. We thereforedevelopedan alternativeapproach
to theestimationofan arealreductionfactorbaseddirectlyon
considerationsof stormsize.
We assumedthattheHasacatchmentcouldbe dividedinto5 strips,
runningina North-Southdirection,witha widthof about20km,such
thattherainfallon eachstripcanbe consideredtobe independent
of rainfallon otherstrips.Ifthestripsareassumedto be
homogenous,foreachstrip,i,we candefineaveragevaluesof the
followingparameters:
numberofraindaysperyear = Ni
averagerainfallperwetday= Xi
lengthof strip = L.
Generally,forrainX3,.on stripj thearealreductionfactor
canbe expressedas
I X.L .1 1
i=l


X. L.
1
as allstripsareof equalwidth.
Fortheaveragearealreductionfactortheaveragevalueof
5
theterm{1 X..L.}isrequired.1=1 1 1
IfN. > N.1foralli,thentheaveragevalueof X.,X.,canbe
' 

expressedby:
N. A.
1 R 11 N. 1 N.
3
ThuswhereA1 is the•annualrainfallon stripi . thearealreduction
factorbecomes:
j-1 A. 5 A.
FIL-• Li + .1
1=1 1=j+13
5
X. L.
i=1 1
Thisapproachcontainstheimplicitassumptionthatthestripj,
whichisdefinedashavingthehighestnumberof raindays,isthe
onecontainingthehighestpointrainfallin thedesignstorm.Por
theHasacatchmentstripnumber2 coversthehighestrainfallarea
whichalsohasthehighestnumberofraindays. Thustheassumption
wouldseemtobe valid.
Table7 showstheparametersusedin evaluatingtheareal
reductionfactor.Givena valueforX.of 73mm fromtheIbbitt
andHerschfieldapproachoutlinedaboveandfora returnperiodof
1000yearsandstormdurationof 5.6hours,thearealreduction
factorisfoundtobe0.23.
Floodvolume
Theproductof thedesignpointrainfall,thecatchmentarea
andthearealreductionfactorgivestherainfallvolumein the
designstorm.Thismultipliedby thepercentagerunoffgivesthe
volumeofrunoffinthedesignflood.Choiceof an appropriate
percentagerunoffwasbasedon theresultsofprevioustudiesand
discussionswithBinnie& Partners.Forthe1000yearstormwe
concludedthata figureof 50percentwouldbe realistic.
Thecalculationf floodvolumescorrespondingto thevarious
stormsizesareshowninTable8. Wehaveassumedineachcasethat
themaximumfloodvolumewillbe derivedfroma stormcentredover
theHasacatchment.Arealreductionfactorsforallcatchmentsexcept
theHasawerederivedby Ibbitt'smethod.
Finallythefloodvolumecorrespondingtothedesignstormon the
wholecatchmentwasderivedfromthatforthezonecontainingtheWadi
Hasaby ratioof thecompositefloodpeakto thezonefioodpeak. The
resultsuggestfloodvolumesof 24.8,28.2and42.6millionm3
respectivelyforthe20,30andSOkm stormsizes.
TherecordedfloodhydrographsonWadiHasasuggesthatthe
designfloodhydrographislikelytobe approximatelytriangularin
shape_
TABLE7
PARAMETERVALUESUSEDINESTIMATINGTHEAREALREDUCTIONFACTOR.
STRIPNO' AV.ANNUALRAINFALL(mm)
LENGTH
Gcm) NO.OF RAIN-DAYS
1 118 7.5 14
2 225 25 30
3 130 35 10
4 70 30 6
5 55 25


122.5
Note: Eachstripis20kmwidein theeast-westdirection
TABLE8
CALCULATIONF FLOODVOLUMESFORTHEZONE
CONTAININGTHEHASACATCFMT
20km Storm
CATCHMENTAREA
(km2)
1000YEARRETURNPERIOD
DAILYRAINFALL5.6 HR RAINFALL
(mm)(mm)
AREALREDUCTION
FACTOR
AREAL
RAINFALL
(Tran)
FLOOD
VOLUME
(millionm3)
HASA 2520 113 73 0.23 17 21.4




TOTAL 21.4



30km Storm



HUDEIRA 101 111 72 0.94 68 3.4
MINORA 34 91 59 0.96 57 1.0
HAEA 2520 113 73 0.23 17 21.4




TOTAL 25.8



50kmStorm



HUDEIRA 101 111 72 0.94 68 3.4
MINORA 34 91 59 0.96 57 1.0
HASA 2520 113 73 0.23 17 21.4
MINORB 46 87 57 0.96 SS 1.3
FEIFA 155 111 72 0.93 67 5.2
UMRUQ 28 85 55 0.97 53 0.7
KHANZEIRA 18] 112 73 0.93 68 6.2




TOTAL 339.2
6. REVIEWANDCONCLUSIONS
Theestimationofdesignfloodson individualcatchmentsisnot
easywhenthereisnota longsequenceofflowdataavailablewithwhich
todefinethefrequencydistributionf theannualmaximumfloods.Some
benefitcanbe gainedbypoolingdatafroma numberof catchmentsto
producea regionalfloodfrequencycurvebutitsapplicationtoungauged
catchmentsisdifficultsinceit isnecessaryto estimatea meanannual
maximumflood.Inthisstudytheproblemwascomplicatedfurtherby
havingtoestimatea combinedfloodfrequencydistributionfora
catchmentincorporatinga numberofhydrologicallydissimilar,ungauged
sub-catchments.Thisnecessitatedtheuseof rainfalldatato estimate
an averagestormsizetomakea solutionto theproblempossible.
Themethodof solutionadoptedincorporateda numberof assumptions
concerningthepatternofrainfallandrunoff.TheCreagermethodof
estimatingfloodsizewasassumedtobe appropriatewhenestimating
individualwadipeakflows.Somewhatconservativelyitwasassumedthat
thepeakflowrateson individualwadiswithinthezoneof influenceof
a stormwouldoccursimultaneously.Thisconservatismwascounter-
balancedby theassumptionthatcombinedcatchmentfloodpeakflows
wouldoccurfromonlyonestormwithinthecatchment.Theareaof
greatestuncertaintyisintheestimationf stormsize,whichisa
resultoftheassumptionthatthe1000yearstormisdrawnfromthe
populationofallstormsintheareawitha dailyrainfallgreaterthan
40mm.
Inthecourseof theanalysisitbecameevidenthattheflood
frequencydistributionf thecombinedcatchmentisdominatedby the
contributionmadeby WadiHasaandtheneighbouringcatchments.The
influenceof stormsizeon thefloodseriesiseffectivelytodictate
theextentofthisprincipalzone.Forthe20km stormthiswas
reducedtoa minimumof theHasacatchmentalone.The50 km storm
representsa reasonablemaximumsizeto thezoneas theKhanzeria,
includedinthezone,isthemostsoutherlywaditodrainthehigher
rainfallareaof theeasternhills.Therestofthecatchmentcontributed
up to 15percentof theestimated1000yearcombinedcatchmentflood.
Thecorrelationa alysishasshownthatthestormsizeislikely-
to be 30kilometres.However,thesensitivityanalysishasshounthat
thefloodpeakisbroadlylinearlyrelatedtostormsize,andthus
theuncertaintyinvolvedintheestimationf stormsizeshouldnot
be ignoredwhenestimatingtheriskof failureof thetruceline
channel.Thisfactor,alongwithothers uchas thereturnperiodof
theflood,thelifeof theproject,thecostofa breachin thedykes
andthecostof raisingthedykescanbe incorporatedintoan economic
analysisof theoptimumdesignforthetrucelinechanneldykes.
Thefrequencydistributionf theannualmaximumfloodsfromtheentire
catchmentcanreadilybe deducedby extensionof thepresentmethodof
analysisadopted.
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